Abstract The internal isopeptide bonds are amide bonds formed autocatalytically between the side chains of Lys and Asn/Asp residues and have been discovered recently. These bonds are well conserved in Gram-positive bacterial pilin proteins and are also observed over a wide range of Grampositive bacterial surface proteins. The presence of these bonds confers the pilus subunits with remarkable properties in terms of thermal stability and resistance to proteases. Like pili, microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) are also surface proteins found only in Gram-positive bacteria. They specifically interact with the extracellular matrix (ECM) molecules like collagen, fibrinogen, fibronectin, laminin, etc. Many biophysical and biochemical studies have been carried out to characterize the isopeptide bonds in pili proteins from Gram-positive bacteria, but no attempts have been made to study the isopeptide bonds in MSCRAMMs. This short review aims to study the significance of the isopeptide bonds in relation to their function, by analyzing the crystal structures of collagen-and fibrinogenbinding MSCRAMMs. In this analysis, interestingly, we observed that the putative isopeptide bonds are restricted to the collagen-binding MSCRAMMs. Based on analogy with bacterial pilus subunits, we hypothesize that the collagen-binding MSCRAMMs possessing putative isopeptide bonds exhibit similar structural properties, which could help the bacteria in colonizing the host and provide resistance against host-defense mechanisms.
Introduction
Host tissue adhesion is the first critical step for pathogenesis. The Gram-positive and -negative bacteria use a multitude of surface proteins to adhere to the host tissues. This attachment process is important for colonization and infection of the host. Microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) belong to a specific type of bacterial adhesion proteins that are covalently linked to the peptidoglycans of the cell wall of Gram-positive bacteria. Many of the MSCRAMMs are mainly targeted towards the extracellular matrix (ECM) molecules, such as collagen, fibrinogen, fibronectin, laminin, etc. (Patti et al. 1994; Foster et al. 2014) . The structural studies on MSCRAMMs conducted in the past 15 years have revealed a highly similar structural folding involving an LPXTG motif conserved among them (Vengadesan and Narayana 2011) . The domain organization for MSCRAMMs shows a typical N-terminal signal peptide sequence, followed by a non-repetitive ligand-binding 'A' region and a varying number of repetitive domains, followed by a cell wall anchoring region, including an LPXTG motif in the cell wall sorting region, a hydrophobic domain spanning the membrane region, and a cytoplasmic positively charged C-terminal sequence (Fig. 1) . The ligand-binding 'A' region is generally composed of two or three domains, and the domains involved in the ligand binding adopt a novel DEv-IgG fold (Deivanayagam et al. 2002 ) that belongs to the immunoglobulin superfamily having a V-type fold. This fold provides a solitary model for MSCRAMMs that are highly efficient in adhering to the ECM molecules, followed by a biofilm formation and immune evasion (Vengadesan and Narayana 2011) .
The disulfide bond is the only well-known covalent crosslink in proteins where two cysteine residues are bound together in redox conditions spontaneously. However, studies have presently highlighted that other crosslinks like ester (Baker et al. 2015) and isopeptide bonds (Kang et al. 2007 ) are available in proteins. Isopeptide bonds are intramolecular covalent bonds that form autocatalytically between the side chains of lysine and asparagine/ aspartic acid. These are found to confer high stability to the protein, conveying structural solidity (Wang et al. 2013b ). Though isopeptide bonds were known previously for their crosslink formation in ubiquitylation (Pickart 2001) , sumoylation, and transglutamination (Greenberg et al. 1991) , it was discovered recently that they can form autocatalytically in proteins when a suitable hydrophobic environment is created (Kang et al. 2007 ).
The autocatalytically formed isopeptide bonds are amide bonds that are quite prevalent. Recent studies have unfolded this type of bonds, mainly in bacterial pili proteins, which are individual proteinaceous and non-flagellar surface appendages involved in the host adhesion mechanism (Kline et al. 2010) . The main functional implication of pili involves, similar to MSCRAMMs and other surface proteins, actions such as invasion, colonization, signaling, and biofilm formation of the anchored cell (Mandlik et al. 2008) . Pili are more common in Gram-negative bacteria; however, these have been observed in some species of Gram-positive bacteria as well (Telford et al. 2006) . The isopeptide bonds in pili are found in a few Gram-positive pathogenic bacteria, including Streptococcus pyogenes (proteins such as Spy0128, FctB) (Kang et al. 2007; Linke et al. 2010) , Corynebacterium diphtheriae (SpaA) ), Bacillus cereus (BcpA) (Budzik et al. 2009; Hendrickx et al. 2012) , S. pneumoniae (RrgA and RrgB) (Spraggon et al. 2010) , S. gordonii (SspB) (Forsgren et al. 2010) , S. mutans (SpaP) (Larson et al. 2011; Nylander et al. 2011) , and S. agalactiae (GBS52) (Krishnan et al. 2007 ). The functional implications of isopeptide bonds in pili have been studied significantly Alegre-Cebollada et al. 2010; Paterson and Baker 2011; Wang et al. 2013b ), but not with reference to MSCRAMMs. For example, the structure of the collagen-binding domain of S. aureus Cna, a prototype MSCRAMM, was solved nearly two decades ago (Symersky et al. 1997) . This structure contains a putative isopeptide bond (analyzed in the present study), but the significance of the bond has not yet been well studied. MSCRAMMs and pili differ in their structural organization (Vengadesan and Narayana 2011; Krishnan 2015) ; however, they share some similarities, including these crosslinking isopeptide bonds and sortase-mediated anchoring to the cell wall. This review focuses on the isopeptide bonds in the MSCRAMM structures, their structural Chemical structure, occurrence, and formation of isopeptide bonds An intramolecular isopeptide bond is a crosslink, formed between the side chain amine of lysine residue and the side chain of asparagine/aspartic acid, along with an essential base glutamic acid/aspartic acid under a favorable hydrophobic environment (Fig. 2) . The isopeptide bond takes up two isomeric forms, cis and trans configurations, and can be classified into two types, the D-type and the E-type, based on their topology (Kang et al. 2007; Krishnan 2015) . The isopeptide bond formation is described as a proximity-induced reaction (Kang and Baker 2011) . It depends primarily on the geometry of the participating amino acids and the hydrophobic moiety in which the isopeptide unit is formed. Such an environment would lower the pK a of lysine residue, inducing a nucleophilic attack by the unprotonated ε-amino group of the Lys residue on the γ-carbon group of Asn/Asp, leading to a tetrahedral intermediate, followed by a proton shuttle from the Lys residue to the leaving group, i.e., either -NH 2 or -OH, via a trivial neighboring base, Glu/Asp (Kang and Baker 2011) . These two residues might also help to polarize the carbon atom from Asn/Asp, thereby making it more prone to the nucleophilic attack. The Lys-Asn pair releases ammonia and the Lys-Asp pair releases water as products after the bond formation; otherwise, the reaction is the same and isopeptide bonds are formed at the same rate (Kang and Baker 2011) .
Isopeptide bonds in MSCRAMMs
MSCRAMMs are modular proteins, and different domains of MSCRAMMs generally carry an immunoglobulin-G (IgG) topology with a novel variation. The ligand-binding A-region is usually made up of two or three domains ( Fig. 1) , and each domain exhibits DEv-IgG fold. The DEv-IgG fold is very similar to the IgG-C fold (Fig. 3a) , but has additional secondary structural elements between the strands D and E (Fig. 3b) . Many collagen-and fibrinogen-binding MSCRAMMs contain a repetitive B-region, which follows the A-region ( Fig. 1) , and the individual domains of the B-region adopt a fold called the inverse-IgG (inv-IgG) fold (Fig. 3c) . The invIgG fold is similar to the IgG-C fold, but arranged in a reverse order. The DEv-IgG and inv-IgG folds are also referred as CnaA and CnaB folds, respectively (Vengadesan and Narayana 2011) .
Though the crystal structures of many MSCRAMMs have been solved to date, none of them have reported the presence of isopeptide bonds in those structures. While solving the structures of MSCRAMMs like collagen-binding Cna (Symersky et al. 1997; Zong et al. 2005) , Ace (Liu et al. 2007; Ponnuraj and Narayana 2007) , and B-repeats of Cna (Deivanayagam et al. 2000) , any continuous electron density joining the side chain of Lys and Asn would have been considered as an unexplained density and not designated as an isopeptide bond. Autocatalytically formed isopeptide bonds were first discovered in the structure of the major pilin subunit Spy0128 of S. pyogenes (Kang et al. 2007) .
So far, the intramolecular isopeptide bonds have been found only in DEv-IgG (CnaA) and inv-IgG (CnaB) type It consists of a four-stranded β-sheet (ABED) on one side and a three-stranded β-sheet (CFG) on the other side, thus forming a barrel. b The DEv-IgG fold. It is similar to the IgG-C fold, but consists of a few extra secondary structural elements (light brown) that are intervened between the strands D and E. The isopeptide bond found in the C-terminal domain of the ligand-binding region of collagen-binding Cna, Ace, and RspB structures is indicated by the black dotted line between the A and F strands. c The Inv-IgG fold. It consists of a four-(DAGF) and three-(EBC) or a three-(DAG) and four-(FEBC) stranded β-sheets similar to the IgG-C fold, but stacked in a reverse manner. The putative isopeptide bond observed in the B-repeats of Cna between the A and G strands is shown by the black dotted line folded domains (Baker et al. 2015) . There are two types of isopeptide bonds, the D-type and the E-type. The former is observed in DEv-IgG folds and the latter in Inv-IgG folds (Vengadesan and Narayana 2011) . The E-type isopeptide bond is more commonly found in several Gram-positive pilins (Krishnan 2015) . The D-type isopeptide bond bridges two β-sheets, where the target Lys residue is found in the 'A' strand of sheet I and the host Asn/Asp is found in the 'F' strand of sheet II, along with a conserved Asp residue in the 'C' strand of sheet II (Fig. 3b) . The strands 'A' and 'F' are in an antiparallel fashion. A similar bonding is also observed in the E-type, where the target and host residues are placed within the same β-sheet. The strands carrying the Lys and Asn residues are arranged in a parallel fashion, along with a conserved Glu residue present at a hydrogen bond forming distance to the Lys residue (Fig. 3c) .
Collagen-binding MSCRAMMs
Collagens are the main structural proteins constituting the extracellular space in most life forms. Collagen-binding adhesins are well expressed in all vertebrates, eukaryotes, and prokaryotes. With reference to MSCRAMMs, the collagen adhesin (Cna) of S. aureus is considered a prototype. In Cna, the collagen-binding A-region (residues 31-344) is made up of two domains (Fig. 1) , named N1 and N2 (Fig. 4a) . Symersky et al. (1997) reported the first crystal structure of an MSCRAMM, which is the N2 domain of Cna. Later, Zong et al. (2005) reported the crystal structure of the collagenbinding A-region (consisting of both N1 and N2 domains) as an apoprotein and also in complex with collagen triple helical peptide. These structures revealed that both N1 (N-terminal domain) and N2 (C-terminal domain) adopt the DEv-IgG fold, and the interdomain region serves as a collagen-binding site (Zong et al. 2005) . Following Cna, two more collagen-binding MSCRAMMs structures were solved, namely Ace from Enterococcus faecalis (Liu et al. 2007; Ponnuraj and Narayana 2007) and RspB from Erysipelothrix rhusiopathiae (Devi et al. 2012 ). In the structural report of these proteins (Cna, Ace, and RspB), there is no mention of the presence of any isopeptide bonds. However, the presence of a putative isopeptide bond in the N2 domain of Cna was reported during the discovery of an isopeptide bond in Spy0128 (Kang et al. 2007 ).
The multiple sequence alignment of the ligand-binding region of Cna (31-330), Ace (32-327), and RspB (30-348) revealed a low sequence identity between them, but they exhibit similar structural fold (Devi et al. 2012 ). This observation prompted the question as to whether Ace and RspB structures could also contain an isopeptide bond, as observed in Cna. Therefore, we analyzed the structures of full-length Cna (PDB ID 2F6A), Ace (PDB ID 2Z1P), RspB (PDB ID 3V10), and the minimal collagen-binding domain of Cna (termed Cna19; PDB ID 1AMX) and Ace (Ace19; PDB ID 2OKM). The electron density maps of Cna19, Ace19, and RspB clearly revealed that all these structures contain a D-type isopeptide bond. Further, it is surprising to note that the isopeptide bond is found only in the N2 domain (Fig. 4a, b) , although the N1 and N2 domains are structurally homologous. In Cna19, the isopeptide bond is formed between Lys176 and Asn293, along with Asp209 (PDB ID 1AMX) (Fig. 4c) . In Ace19, it is formed between Lys42 and Asn155, along with Asp74 (PDB ID 2OKM) (Fig. 4d) , whereas in RspB, Lys198 and Asn308 along with Asp231 are (PDB ID 3V10) involved in the similar bond formation (Fig. 4e) . It is also observed that the isopeptide bond is structurally conserved in all three proteins (Fig. 4b) .
We analyzed the full-length Cna structure (PDB ID 2F68), especially near the ligand-binding region, to find any putative isopeptide bond(s) which may be functionally important. This analysis revealed that the residues Lys289, Asn320, and Glu132 are located near the latching region, with Asn320 at the beginning of the latching strand (Fig. 4f) . However, the distances between the participating amino acids are not in the hydrogen bonding range. But minor structural rearrangement/side-chain reorientation could bring these residues close and, under suitable conditions, there is a possibility of isopeptide bond formation between Lys289 and Asn320. The LysAsn-Glu triad found in Cna is not structurally conserved in Ace and RspB; however, the latter two structures also contain the Lys-Asn-Glu triad at different positions near the beginning of the latch. But, similar to Cna, the side chains of the participating amino acids are out of the hydrogen bonding range. In the ligand-binding mechanism involving collagen/fibrinogen, the final Blatching eventî s critical for tightly securing the ligand in its place, i.e., in between the two domains (Ponnuraj et al. 2003; Zong et al. 2005) . If the Lys-Asn-Glu triad found near the latching region of Cna, Ace, and RspB forms an isopeptide bond during some biological process (for example, biofilm formation), this could result in a Brigid latch^. This event could lead to tighter capture of collagen, which is functionally very important.
Concerning the repetitive B-region in collagen-binding MSCRAMMs, so far, the crystal structure consisting of two (PDB ID 1D2O) and four B-repeats (PDB ID 1D2P) (we considered one CnaB fold domain as one repeat) are available for collagen-binding Cna of S. aureus (Deivanayagam et al. 2000) . Despite the availability of these structures, the function of this Cna B-region is still unclear and is hypothesized to be functioning independently from the Cna A-region (Snodgrass et al. 1999) . Kang et al. (2007) reported the presence of a putative isopeptide bond in the structure of Cna B-repeat. To get more insight into this, we analyzed the structures of two and four B-repeats of Cna. This analysis revealed that one Lys-Asn-Glu triad is present per repeat, with the participating residues at the hydrogen bonding distance. Since the structure factors are not available in the Protein Data Bank (PDB) for the structures of Cna B-repeats, we were unable to generate its electron density maps to check if there is an amide bond between the side chain of Lys and Asn or not. But based on the geometric arrangement of the residues in the Lys-Asn-Glu triad, it is highly likely that the isopeptide bond is formed between the Lys-Asn residues of the triad, which is present in all four B-repeats (B1-B4). It is noted that the triads Lys543-Asn620-Glu603, Lys633-AsnN717-Glu694, Lys730-Asn807-Glu790, and Lys820-Asn904-Glu881 are capable of forming an isopeptide bond in each of the four B-repeats (Fig. 5a, b, c, e) . Each B-repeat region adopts the inverse of the IgG fold and it holds the E-type putative isopeptide bond that is specific for this kind of reverse orientation of the IgG fold (Krishnan 2015) . The superposition of the four individual repeats shows that the Lys-Asn-Glu triad is structurally well conserved (Fig. 5f ). This is similar to the conservation of isopeptide bond in the N2 domain of the collagen-binding A-region of Cna, Ace, and RspB (Fig. 4b ).
To date, many pilin subunit structures have been determined and the CnaB-type fold is found to be dominant in those structures (Krishnan 2015) . It is our interest to compare the CnaB-type pilin subunit structure with the Cna B-repeat to identify any structural conservation on the isopeptide bond. The N2 domain of GBS52, the minor pilin from S. agalactiae (PDB ID 3PHS), was compared with the Cna B-repeat region comprising residues 722-811. The structure superposition revealed that the isopeptide bond (Lys160-Asn256) in pilin is structurally conserved with the putative isopeptide bond of the Cna B-repeat (Fig. 5g) . As many pilin subunit structures are available, further structural and sequence analysis is required to obtain some insights on the structural conservation of the isopeptide bond seen here.
Fibrinogen-binding MSCRAMMs
Fibrinogen is a glycoprotein that is found in blood plasma and plays integral roles in homeostasis and coagulation. It is a ; and e RspB (PDB ID 3V10, resolution 1.75 Å). The continuous electron density between Lys and Asn residues indicates the presence of an isopeptide bond. f The Lys-Asn-Glu triad at the latch region of Cna (PDB ID 2F68). The distance between the residues is given in Angstrom units and is shown by the red dotted line symmetrical dimeric complex structure made up of six polypeptide chains consisting of a pair of each Aα-, Bβ-and γ-chains. All three chains have been shown to be critical for pathogenic adherence (Cheung et al. 1991; Otto 2013) . The crystal structure of several fibrinogen-binding MSCRAMMs have been solved so far, including ClfA (PDB ID 1N67) (Deivanayagam et al. 2002) , ClfB-Fg peptide complex (PDB ID 4F20) (Xiang et al. 2012) , SdrD (PDB ID 4JDZ) (Wang et al. 2013a ) from S. aureus, Srr-1 (PDB ID 4MBO) and Srr-2 (PDB ID 4MBR) (Seo et al. 2013 ) from S. agalactiae, and SdrG (PDB ID 1R19 and 1R17, native and complex with fibrinopeptide, respectively) from Staphylococcus epidermidis (Ponnuraj et al. 2003) . When superposed, they share a highly conserved structural homology, but exhibit much less sequence identity (<20%) than that observed in collagen-binding MSCRAMMs. The fibrinogen-binding A-region is made up of two domains, named N2 (N-terminal domain) and N3 (C-terminal domain) (Fig. 6a) . Both domains exhibit DEv-IgG fold (Ponnuraj et al. 2003) .
A detailed analysis of these structures revealed that most of the proteins under study here contain the LysAsn-Glu triad, but the participating residues are not in the hydrogen bonding distance. If the Lys and Asn residues in the triad have to form an isopeptide bond, a minor conformational change or side-chain reorientation is necessary. The superposition of these structures shows that these triads are not structurally conserved and are located in different regions of the molecule (Fig. 6a-d) . One interesting observation is that, in the structure of SdrG-fibrinopeptide complex (PDB ID 1R17), the triad is located at the tail of the latching region (Fig. 6d) , and this region is functionally critical (Ponnuraj et al. 2003) . If there is an isopeptide bond at the latching region, that would lead to a very sturdy latch. This will result in a highly secured adhesin-host complex.
Concerning the B-repetitive region in fibrinogenbinding MSCRAMMs, the crystal structure is available only for one B-repeat region of SdrD of S. aureus (Wang et al. 2013a ). This structure also contains the ligand-binding A-region (N2 and N3 domains), which precedes the B-repeat. This is the only MSCRAMM structure which contains both the ligand-binding A-region and is given in Angstrom units and is shown by the red dotted lines. f Structural superposition of the B1, B2, B3, and B4 repeats. The LysAsn-Glu triad (shown as a stick) is structurally conserved. g Structural superposition of the B3 repeat of Cna (residues 722-811, gray) and the N2 domain of GBS52 (yellow). In GBS52, the isopeptide bond is formed between Lys160-Asn256 (shown as a stick), whereas in the B3 repeat of Cna, the corresponding residues are at the hydrogen bonding distance the B-repeat segment. The B-repeat region of SdrD possesses a CnaB fold and there is a good structural identity between the B-repeat region of SdrD and the Cna B-repeat (backbone RMSD of 2.01 Å, Fig. 6e ). Despite the conservation of the structural fold, it is surprising to note that the B-repeat region of SdrD lacks the isopeptide bond. The SdrD structure contains three Ca 2+ cations in the B-repetitive region that are coordinated to the neighboring loops. Perhaps, these ions contribute to stabilizing the protein structure and compensate for the occurrence of isopeptide bonds functionally.
Conclusion
The intramolecular isopeptide bonds in bacterial pili have been helpful in revealing the prevalence of their occurrence in MSCRAMMs of different bacterial species. Though MSCRAMM structures contain intramolecular Lys-Asn isopeptide bond and the Lys-Asn-Glu triad, the detailed functional significance of these bonds has not been fully studied. On the other hand, in the pili which are also like MSCRAMMs found on the bacterial surface, mediating adherence and colonization, containing CnaA-type and CnaB-type domains, the significance of the isopeptide bonds have been studied in great detail. The isopeptide bonds studied in the major and minor pilin proteins from Gram-positive bacteria so far have been suggested to provide structural stability to the overall molecule, as the protein withstood against chemical, mechanical, and thermal stress. For example, an atomic force microscopy (AFM) analysis of Spy0128, the major pilin protein of S. pyogenes, revealed that the subunits of Spy0128 are inductile despite high pull forces up to 800 pN being applied (Alegre-Cebollada et al. 2010 ). Destruction of intramolecular isopeptide bonds by site-directed mutagenesis in Spy0128 reduced the mechanical flexibility of the Differences are observed only in the loop regions. Despite the high structural homology, the putative isopeptide bond is found only in the Cna B-repeat, whereas it is absent in SdrD protein incredibly (Alegre-Cebollada et al. 2010) . The thermal stability of Spy0128 and its ability to resist proteases were severely affected by the loss of the isopeptide bonds ). Even circular dichroism (CD) studies conducted in Spy0128 showed a similar scenario, where the thermal unfolding showed a striking destabilization in the absence of the intramolecular isopeptide bonds. A decrease in melting temperature (Tm) was also noted during this study ). Mutational analysis combined with electron microscopic and atomic force microscopic studies on the major pilin protein BcpA revealed that the isopeptide bonds are required for the bundle formation of BcpA pili (Hendrickx et al. 2012) .
The intramolecular isopeptide bonds have been found only in CnaA-type and CnaB-type domains, and these domains are predicted to occur in a wide range of bacterial surface proteins. This conservation conveys a message about how dominant these isopeptide bonds are throughout the evolution. Besides this conversation, it is interesting to note that these bonds are not universally found in all CnaA-type and CnaB-type domains, and the reason behind the selectivity is not known.
The bacteria probably would adapt all necessary steps for its adhesive molecule to interact with the host molecule in a lock-and-key fashion. In this context, the Lys-Asn-Glu triad found in the latching region of the collagen-and fibrinogen-binding MSCRAMMs likely holds some functional significance, as a formation of this amide bond would lead to Brigid latch^. As a result, the ligand would be tightly secured and would not easily dissociate from the ligand binding cleft.
Not many experimental studies, such as mutational analysis, CD, AFM, electron microscopy, nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry, and proteolysis, have been conducted in MSCRAMMs on isopeptide bonds. However, we hypothesize that, based on similar structural context with pili, MSCRAMMs possessing isopeptide bonds would also exhibit similar structural properties. Our structural analysis revealed that, although the ligand-binding region of collagen-and fibrinogen-binding MSCRAMMs share similar structural features, such as it is being made up of two domains and these domains exhibiting DEv-IgG fold, the putative isopeptide bond is found only in collagen-binding MSCRAMMs. This also holds true for the B-repeat region, as Cna B-repeats (inv-IgG fold) only contain the putative isopeptide bonds, whereas it is not observed in fibrinogen-binding SdrD. This observation is definitely one of the unique features of collagen-binding MSCRAMMs, and its functional implication needs to be further explored using biophysical and biochemical studies.
